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Biochar  is  being  promoted  for  its  potential  to  improve  soil  properties,  crop  productivity  and  carbon 
sequestration  in  soil.  Obstacles  that  may  hinder  rapid  adoption  of  biochar  production  systems  include 
technology  and  production  costs,  and  feedstock  availability.  In  this  paper,  a  review  of  biochar  production 
potential  in  Ghana  is  given.  The  availability  of  potential  feedstock  for  biochar  production  such  as  agricul¬ 
tural  residues,  forestry  residues,  wood  processing  waste,  the  organic  portion  of  municipal  solid  waste  and 
livestock  manure,  together  with  a  brief  description  of  biomass  conversion  routes  for  biochar  production 
is  also  given.  Furthermore,  potential  agronomic  and  environmental  benefits  that  can  be  derived  from  the 
application  of  biochar  in  soils  are  discussed.  It  is  concluded  that  the  large  availability  of  biomass  resources 
in  Ghana  gives  a  great  potential  for  biochar  production  in  the  country. 

©  2011  Elsevier  Ltd.  All  rights  reserved. 


Contents 


1.  Introduction .  3540 

2.  Biomass  resources  in  Ghana  for  biochar  production .  3540 

2.1.  Agricultural  resources  in  Ghana  for  biochar  production .  3541 

2.1.1.  Agricultural  residues .  3541 

2.1.2.  Others .  3541 

2.2.  Forestry  residues .  3541 

2.2.1.  Logging  residues .  3542 

2.2.2.  Wood  processing  wastes .  3542 

2.3.  Urban  wastes  and  other  wastes .  3542 

2.3.1.  Municipal  solid  waste .  3542 

2.3.2.  Industrial  wastewater  and  sewage  sludge .  3542 

2.3.3.  Livestock  and  poultry  wastes .  3543 

3.  Biochar  production  technologies .  3543 

3.1.  Batch  processes  for  biochar  production .  3545 

3.2.  Continuous  processes  for  biochar  production .  3545 

4.  Potential  benefits  of  biochar  application  in  soils .  3547 

4.1.  Agronomic  benefits .  3547 

4.1.1.  Soil  quality  and  fertility  improvement .  3547 

4.1.2.  Crop  productivity .  3548 

4.2.  Environmental  benefits  of  biochar  application  in  soils .  3548 

4.2.1.  Carbon  sequestration  using  biochar .  3548 

4.2.2.  Greenhouse  gas  emission  reduction .  3548 

5.  Conclusion .  3549 

Acknowledgements .  3549 

References .  3549 


*  Corresponding  author  at:  School  of  Engineering  Sciences,  University  of  Southampton,  Southampton  SOI  7  1BJ,  UK. 
E-mail  addresses:  s.gu@soton.ac.uk,  sai.gu@xjtlu.edu.cn  (S.  Gu). 

1364-0321  /$  -  see  front  matter  ©  201 1  Elsevier  Ltd.  All  rights  reserved, 
doi:  1 0.1 01 6/j.rser.201 1 .05.01 0 


3540 


M.H.  Duku  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 1 )  3539-3551 


1.  Introduction 

Application  of  biochar  to  soils  is  currently  gaining  consider¬ 
able  interest  globally  due  to  its  potential  to  improve  soil  nutrient 
retention  capacity,  water  holding  capacity,  and  also  to  sustainably 
store  carbon,  thereby  reducing  greenhouse  gas  (GHG)  emissions 
[1-5].  Enhanced  nutrient  retention  and  water  holding  capacity  of 
soils  reduces  the  total  fertilizer  requirements  and  environmental 
deterioration  associated  with  fertilisers  [6,7].  Biochar  is  a  form  of 
charcoal  produced  through  the  thermochemical  process  of  biomass 
under  low  oxygen  conditions  known  as  pyrolysis.  Various  types  of 
biomass  such  as  agricultural  crop  residues,  forestry  residues,  wood 
waste,  organic  portion  of  municipal  solid  waste  (MSW)  and  animal 
manures  have  been  proposed  as  feedstock  for  biochar  production. 
However,  the  suitability  of  each  type  of  biomass  as  feedstock  is 
dependent  on  the  nature,  chemical  composition,  environmental,  as 
well  as  economic  and  logistical  factors  [1].  Pyrolysis  conditions  for 
biochar  production,  together  with  feedstock  characteristics  largely 
control  the  physical  and  chemical  properties  (e.g.  composition,  par¬ 
ticle  and  pore  size  distribution)  of  the  resulting  biochar,  which 
determine  the  suitability  for  a  given  application  [1].  Biochar  is 
highly  recalcitrant  in  soils,  with  reported  residence  times  for  wood 
biochar  being  in  the  range  of  100s  to  1000s  of  years,  i.e.  approx¬ 
imately  10-1000  times  longer  than  residence  times  of  most  soil 
organic  matter  (SOM).  Therefore,  biochar  addition  to  soils  could 
provide  a  potential  sink  for  carbon  [1  ]. 

In  sub-Saharan  African  (SSA)  countries,  the  decline  in  soil  fer¬ 
tility  is  attributed  mainly  to  continuous  cultivation,  coupled  with 
rapid  organic  matter  mineralisation.  Furthermore,  the  presence  of 
highly  weathered  secondary  minerals  and  high  soil  acidity  has 
been  identified  as  a  major  cause  of  food  insecurity  and  poverty 
[8].  Soil  erosion  has  also  been  recognised  to  have  a  direct  negative 
effect  on  crop  productivity  which  consequently  has  repercussions 
on  the  economy  [9,10].  As  a  result  of  land  degradation,  irrigated 
lands  in  SSA  countries  are  reported  to  average  below  7%  of  their 
potential  productivity.  Rain-fed  crop  plants  and  rangelands  are  also 
reported  to  be  14%  [8]  and  45%  [11]  below  their  potential  produc¬ 
tivity  respectively.  In  particular,  agricultural  systems  in  Ghana  are 
characterized  by  low  productivity,  depending  on  low  and  erratic 
rainfall  patterns,  out-dated  agricultural  practices  and  low  applica¬ 
tion  of  inputs.  Most  of  the  sandy  loamy  soils  in  the  country  are 
highly  weathered  and  characterized  by  poor  fertility  as  a  result  of 
high  erosion  rates.  It  is  estimated  that  soil  fertility  loss  through 
erosion  could  reduce  agricultural  income  in  the  country  by  US$4.2 
billion  and  could  further  cause  a  5.4%  increase  in  the  poverty  rate 
during  the  period  2006-2015  [10,11].  About  57%  of  the  economi¬ 
cally  active  population  in  Ghana  is  engaged  in  agricultural  activities, 
mostly  as  smallholder  subsistence  food  crop  farmers  who  depend 
on  these  marginal  soils  for  their  livelihoods.  Food  production  is 
mainly  through  the  extensive  system  of  shifting  cultivation  in 
which  farmers  “slash  and  burn”  a  piece  of  land,  grow  food  crops  in 
poly-culture  for  1-3  years  and  leave  it  fallow.  However,  this  type 
of  agricultural  practice  causes  rapid  reduction  in  forest  cover  and 
land  degradation.  Although,  the  shifting  cultivation  system  helps 
restore  soil  fertility,  the  progressive  reduction  in  the  fallow  period 
as  a  result  of  increasing  population  pressure  makes  it  unlikely  for 
these  soils  to  regain  high  fertility  levels  [11-13]. 

Current  strategies  adopted  for  agricultural  intensification  in 
Ghana  include  the  use  of  chemical  fertilizers  and  technological 
means.  However,  the  potential  of  this  type  of  intensification  is 
limited  due  to  its  affordability  and  accessibility  by  smallholder- 
farmers.  Consequently,  the  amount  and  efficiency  of  fertilizer  use  in 
the  country  is  very  small.  The  Integrated  Soil  Fertility  Management 
option,  which  combines  the  application  of  both  inorganic  fertil¬ 
izers  and  organic  fertilizers  for  increased  crop  production  rather 
has  some  associated  problems.  When  applied,  the  decomposition 


of  organic  fertilisers  releases  GHGs  such  as  carbon  dioxide  (C02), 
methane  (CH4)  and  nitrous  oxide  (N20)  [6,11,12]. 

Global  concerns  for  climate  change,  however,  necessitate  the 
search  for  and  promotion  of  alternative  agricultural  management 
practices  that  can  be  employed  to  achieve  food  security  and  at 
the  same  time,  contribute  to  climate  change  mitigation  [6].  Such 
practices  should  also  be  capable  of  reducing  poverty,  meeting  farm¬ 
ers’  needs  and  minimizing  the  impact  on  environmental  resources. 
Application  of  biochar  to  soils  has  been  identified  as  a  technology 
that  can  stabilize  organic  carbon  and  also  reduce  GHG  emissions 
[14].  Despite  this  potential,  there  is,  however,  limited  knowledge 
of  potential  feedstock  available  in  Ghana,  and  also  technologies 
available  for  the  production  of  biochar. 

The  objective  of  this  paper  is  to  review  the  potential  of 
biochar  production  in  Ghana.  It  examines  the  availability  of 
biomass  resources,  thermochemical  biomass  conversion  processes, 
and  potential  agronomic  and  environmental  benefits  that  can  be 
derived  from  biochar  application  to  soils. 

2.  Biomass  resources  in  Ghana  for  biochar  production 

There  are  various  types  of  biomass  resources  in  Ghana,  namely 
agricultural  crop  residues,  agricultural  by-products,  forestry 
residues,  wood  waste,  organic  portion  of  municipal  solid  waste 
(MSW),  industrial  wastewater  and  manures.  A  comprehensive 
review  of  biomass  resources  and  biofuels  potential  in  Ghana  has 
already  been  given  [15].  Biomass  is  the  major  energy  source  in 
Ghana  and  contributes  about  64%  of  the  country’s  primary  energy 
supply  [15].  The  significant  abundance  of  lignocellulosic  biomass 
globally  makes  it  a  potential  feedstock  for  biochar  production.  Com¬ 
posed  mainly  of  cellulose,  hemicellulose,  lignin,  and  small  amounts 
of  extractives,  lignocellulosic  biomass  has  an  average  elemental 
composition  of  CH14O0.6  [16].  The  composition  and  proportions 
of  these  constituents  vary  with  the  type  of  biomass.  The  suitability 
of  a  particular  biomass  as  a  potential  feedstock  for  biochar  produc¬ 
tion  depends  upon  various  characteristics  such  as  moisture  content, 
calorific  value,  fixed  carbon,  oxygen,  hydrogen,  nitrogen,  volatiles, 
ash  content,  and  cellulose/lignin  ratio  [17-19]. 

Cellulose  is  the  largest  fraction  and  constitutes  about  38-50%  by 
weight  of  lignocellulosic  biomass.  It  is  a  polymer  of  glucose,  consist¬ 
ing  of  linear  chains  of  (l,4)-D-glucopyranose  units  with  an  average 
molecular  weight  of  around  100,000.  In  contrast  to  other  glucan 
polymers,  such  as  starch,  the  repeating  unit  of  cellulose  is  not  glu¬ 
cose  but  rather  cellobiose,  a  disaccharide  [19,20].  Globally,  about 
7.5  x  1010  tonnes  of  cellulose  are  annually  synthesized  through 
photosynthetic  processes  [20].  Found  primarily  in  plant  cell  walls, 
cellulose  is  embedded  in  a  hetero-matrix  composed  of  hemicel¬ 
lulose  and  lignin.  Hemicellulose,  the  second  largest  constituent  of 
lignocellulosic  biomass,  is  a  polymer  of  5-carbon  mainly  xylose,  and 
a  6-carbon  monosaccharide.  It  represents  approximately  20-40%  of 
the  material  by  weight  of  lignocellulosic  biomass. 

The  third  major  constituent  of  lignocellulosic  biomass,  lignin, 
is  regarded  as  a  group  of  amorphous,  high  molecular-weight, 
chemically-related  compounds.  It  constitutes  about  15-25%  of  the 
composition  of  lignocellulosic  biomass.  The  building  blocks  of 
lignin  are  believed  to  be  a  three-carbon  chain  attached  to  rings 
of  six-carbon  atoms  called  phenyl-propane.  Structurally,  the  poly¬ 
mer  of  softwood  lignin  is  different  from  that  of  hardwood  [20]. 
Whereas,  softwood  lignin  is  composed  mainly  of  coniferyl  alcohol 
derivatives,  with  a  small  component  based  on  coumaryl  alcohol, 
hardwoods  have  lignin  composed  of  coniferyl-  and  sinapyl-based 
alcohols,  with  small  amounts  of  coumaryl  alcohol  derivatives.  It  is 
reported  that  the  most  suitable  biomass  which  produce  the  highest 
biochar  yield  when  pyrolysed  have  high  lignin  concentration.  These 
include  wood  waste,  forest  residues  and  nut  shells  [2,16,21-23]. 


M.H.  Duku  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 1 )  3539-3551 


3541 


Table  1 

Production  of  different  agricultural  crops  in  Ghana  for  2008  and  estimated  availability  of  residues  [15,21  ]. 


Crop 

Production 
(xlO3  tonnes) 

Residue  type 

Residue-to-product 
ratio  (RPR) 

Moisture 
content (%) 

Residue 

(wet,  xlO3  tonnes) 

Residue 

(dry,  xlO3  tonnes) 

Sorghum 

350 

Stalk 

2.62 

15 

917.00 

779.45 

Millet 

160 

Stalk 

3 

15 

480.00 

408.00 

Rice 

242 

Straw 

1.5 

15 

363.00 

308.55 

Sugarcane 

145 

Bagasse 

0.3 

75 

43.50 

10.88 

Coconut 

316 

Shell 

0.6 

10 

189.60 

170.64 

Oil  palm  fruits 

1900 

EFB 

0.25 

60 

4750.00 

190.00 

Coffee 

165 

Husk 

2.1 

15 

346.50 

294.53 

Cocoa 

700 

Pods,  husk 

1 

15 

700.00 

595.00 

Maize 

1100 

Stalk 

1.5 

15 

1650.00 

1402.50 

Total 

4821.60 

4159.55 

Extractives  constitute  about  5-10%  by  weight  of  lignocellulosic 
biomass,  while  mineral  ash  constitutes  1-20%  by  weight,  and  are 
composed  of  nitrogen  (N),  phosphorus  (P),  potassium  (K),  silicon 
(Si),  calcium  (Ca),  cadmium  (Cd),  mercury  (Hg)  and  arsenic  (As)  [16]. 
The  mineral  ash  content  of  lignocellulosic  biomass  varies  widely 
and  plays  a  significant  role  in  the  yield  of  bio-char.  Woody  biomass 
impregnated  with  Na,  I<  and  Ca  yielded  up  to  1 5%  more  biochar  than 
the  original  beech  wood  [2]. 

2.2.  Agricultural  resources  in  Ghana  for  biochar  production 
2. 1.1.  Agricultural  residues 

Global  annual  production  of  agricultural  residues  is  estimated  to 
be  more  than  500  million  tonnes  [18].  Ghana’s  agricultural  sector  is 
characterised  by  a  large  number  of  dispersed  small-scale  producers, 
employing  manual  cultivation  techniques,  and  dependent  on  rain- 
fed  with  little  or  no  purchased  inputs  [15]. 

Farming  systems  vary  with  the  six  agro-ecological  zones  and 
also  according  to  soils  and  soil  management  strategies  [10].  Major 
crop  residues  generated  in  the  country  include  straw  or  stalk  of 
cereals  such  as  rice,  maize/corn,  sorghum  and  millet,  and  cocoa 
pod  husk,  while  agro-industrial  by-products  include  corn/maize 
cob,  cocoa  husk,  coconut  shell  and  husk,  rice  husk,  oil  seed  cake, 
sugarcane  bagasse  and  oil  palm  empty  fruit  bunch  (EFB).  It  is  esti¬ 
mated  that  about  4159  x  103  tonnes  of  agricultural  crop  residues 
were  generated  in  the  country  in  2008  (Table  1)  [15].  Assuming 
20%  crop  residues  availability,  and  an  estimated  biochar  yield  of 
20%,  this  quantity  of  agricultural  crop  residues  could  have  yielded 
approximately  166,360  tonnes  of  biochar  in  that  year. 

Cocoa  is  the  dominant  cash  crop  and  the  single  most  impor¬ 
tant  export  product.  Cocoa  production  occurs  in  the  forested  areas 
and  covers  approximately  1.75  million  ha.  Currently,  cocoa  pod 
husks  are  left  on  the  farms  to  mulch.  In  comparison  with  cocoa, 
coffee  plantations  in  the  country  cover  only  a  total  area  of  approx¬ 
imately  10,000  ha,  and  coffee  production  has  been  relatively  low 
[15].  Coffee  husk  generated  during  the  processing  of  the  crop  can 
be  utilised  as  an  organic  fertiliser  or  for  power  generation.  Addi¬ 
tionally,  it  could  be  a  potential  feedstock  for  biochar  production. 
Major  residues  generated  from  harvesting  and  processing  of  maize 
and  sorghum  such  as  maize/corn  straw  and  cob,  and  sorghum  straw 
are  potential  biochar  feedstock  [15].  Also,  coconut  residues,  mainly 
the  husk  and  shells,  oil  palm  empty  fruit  bunch  (EFB)  and  sugarcane 
bagasse  could  be  potential  feedstock  for  biochar  production.  Tra¬ 
ditionally,  most  of  the  agricultural  residues  mentioned  generated 
in  the  country  are  scarcely  utilised.  However,  there  is  currently  no 
reliable  information  on  the  proportions  of  how  they  are  utilised. 
In  practice,  not  all  the  agricultural  residues  can  be  collected  and 
utilised  for  either  bioenergy  or  biochar  production  due  to  technical 
constraints,  ecosystem  functions  and  other  uses.  Of  all  the  agri¬ 
cultural  crops  cultivated  in  Ghana,  maize  seems  to  generate  more 
residues  than  any  other  crop.  The  proximate  composition  of  some 


agricultural  residues  available  in  Ghana  is  presented  in  Table  2 
[15,21-23]. 

2.1.2.  Others 

•  Grasses 

Grasses  are  usually  utilised  either  as  hay  and  pasture  for  live¬ 
stock  feed  or  for  soil  conservation.  However,  some  species  could  be 
used  as  feedstock  for  either  biofuel  or  bio-based  chemicals  pro¬ 
duction.  In  Ghana,  there  is  a  large  availability  of  various  grass 
species,  including  elephant  grass  ( Pennisetum  purpureum ),  guinea 
grass  ( Panicum  maximum)  and  mischanthus  (Miscanthus  giganteus) 
which  could  be  potential  feedstock  for  biochar  production.  Grasses 
have  high  fiber  contents.  Miscanthus,  for  instance,  has  relatively 
high  yields  of  8-1 5  tonnes/ha  dry  weight  and  low  moisture  content. 
It  also  tolerates  water  and  uses  a  minimum  amount  of  nutrients 
from  the  soil  [15]. 

•  Algae 

There  are  two  categories  of  algae:  macroalgae  and  microalgae. 
Macroalgae  are  the  large  multi-cellular  algae  often  seen  grow¬ 
ing  in  ponds.  Microalgae,  on  the  other  hand,  are  tiny,  unicellular 
algae  that  normally  grow  in  suspension  within  water-bodies.  Algal 
biomass  consists  of  three  main  components:  carbohydrates,  pro¬ 
teins  and  lipids/natural  oils  [15].  Various  macro-algae  such  as 
Chlorophyta,  Phaeophyta  and  Rhodophyta  species  have  been  found 
usually  attached  to  rock  surfaces  in  the  inter-  and  sub-tidal  areas 
in  Ghana.  Research  into  the  utilisation  of  algae  as  feedstock  for 
biochar  production  could  provide  environmentally  friendly  solu¬ 
tions  to  both  global  and  national  threats,  like  GHG  emissions  [24]. 

2.2.  Forestry  residues 

Ghana’s  forest  resources  provide  a  major  source  of  biomass 
that  could  contribute  considerably  to  biochar  production.  Estimates 
provided  by  the  Food  and  Agriculture  Organisation  (FAO)  of  the 
United  Nations  indicate  that  in  2006  the  total  forest  area  covered 
roughly  5.52  million  ha,  approximately  24.3%  of  the  total  land  area 
[25].  Round  wood  extraction  in  2006  amounted  to  1.30  million  m3. 


Table  2 

Proximate  composition  of  some  major  agricultural  residues  generated  in  Ghana 
[15,22]. 


Crop  residue 

Moisture  (%) 

Organic  matter  (%) 

Ash  (%) 

Maize  stover 

10 

85-91 

9-15 

Sorghum  stover 

10 

96 

4 

Rice  straw 

10 

75-90 

10-25 

Cocoa  pod  husk 

75 

75-90 

10-25 

Empty  oil  palm  fruit  bunch 

56 

95 

5 
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Table  3 

Production  and  consumption  of  woodfuel,  industrial  round  wood,  sawn  wood  and 
wood-based  panels  for  2008  [25]. 


Product 

Production  ( x  1 03  m3 ) 

Consumption  ( x  1 03  m3 ) 

Wood  fuel 

33,040 

33,040 

Industrial  round  wood 

1304 

1305 

Sawn  wood 

527 

317 

Wood  pulp 

0 

0 

Wood  based  panels 

335 

161 

Paper  and  paper  board 

0 

0 

Table  4 

Sources  and  types  of  forestry  residues  [27]. 

Source  of  residue 

Type  of  residue 

Forest  operations 

Branches,  twig,  stump,  low-grade  and  decayed 
wood,  slashings  and  sawdust 

Sawmilling  and  planning 

Bark,  sawdust,  trimmings,  split  wood,  planer 
shavings 

Plywood  production 

Bark,  core,  sawdust,  veneer  clippings  and 
waste,  panel  trim,  sander  dust 

Particleboard  production 

Bark,  screening  fines,  panel  trim,  sawdust, 
sander  dust 

The  total  growing  stock  and  biomass  in  the  country’s  forests  were 
estimated  to  be  321  million  m3  and  993  million  tonnes,  respec¬ 
tively  [15].  In  addition,  forest  plantations  in  Ghana  covered  about 
76,000  ha  in  2000  [26].  Production  and  consumption  of  forest  prod¬ 
ucts  in  the  country  in  2008  is  shown  in  Table  3.  Forestry  residues 
can  put  into  two  categories:  (i)  logging  residues  (which  are  gen¬ 
erated  from  logging  operations,  and  (ii)  wood  processing  wastes 
(industrial-by  products  generated  by  wood  processing  firms  during 
the  processing  of  sawn  wood,  plywood,  etc.  (Table  4). 

2.2. I .  Logging  residues 

Logging  residues  include  stumps,  off-cuts,  branches,  thinning, 
twigs  and  saw  dust  and  are  referred  to  as  primary  residues  (Table  4). 
According  to  Parikka  [27],  less  than  66%  of  the  volume  of  woody 
biomass  is  generally  removed  from  the  forest  for  further  process¬ 
ing,  while  the  remaining  quantity  is  either  left  on-site,  burnt  on-site 
or  utilised  as  wood  fuel.  However,  a  study  by  Amoah  and  Becker  [28] 
on  commercial  logging  efficiency  in  Ghana  showed  an  average  log¬ 
ging  recovery  of  75%.  This  implies  that  approximately  25%  of  the 
total  harvested  tree  is  left  in  the  forest  unutilised.  While  logging 
residues  may  appear  to  be  an  attractive  feedstock  for  biochar  pro¬ 
duction,  they  are  however  widely  dispersed.  In  practice,  not  all  of 
these  residues  could  be  used  for  either  bioenergy  or  biochar  pro¬ 
duction  due  to  technical  constraints  and  ecosystem  functions.  For 
instance,  leaving  appropriate  levels  of  logging  residues  in  the  forest 
protects  soil  quality  and  further  eliminates  the  need  for  fertilisers 
[15].  It  is  estimated  that  720,000  m3,  equivalent  to  360,000  tonnes 
of  logging  residues  were  generated  in  Ghana  in  2008  [15]. 


2.2.2.  Wood  processing  wastes 

Wood  processing  wastes  such  as  discarded  logs,  bark,  sawdust, 
and  off-cuts  generated  through  sawmill  and  plywood  mill  process¬ 
ing  activities  are  referred  to  be  secondary  residues  (Tables  4  and  5). 
Generally,  recovery  rates  of  sawmills  in  Ghana  range  between 
20  and  40%  of  log  throughput,  averaging  33.3%.  Sawmill  residues 
are  among  the  most  promising  feedstock  for  bioenergy  produc¬ 
tion  [29-31].  It  is  estimated  that  about  256,000m3,  equivalent  to 
128,250  tonnes  of  wood  processing  wastes  were  generated  by  the 
various  sawmills  in  the  country  in  2008.  The  actual  quantity  of 
wood  waste  generated  varies  with  tree  species,  the  type  of  oper¬ 
ation  and  maintenance  of  the  plant  [27].  Clearly,  the  utilisation  of 
wood  processing  wastes  as  feedstock  for  bioenergy  or  biochar  pro¬ 
duction  could  be  attractive  since  they  are  normally  concentrated  at 
the  various  mills,  thus  easing  their  collection. 

2.3.  Urban  wastes  and  other  wastes 

Urban  wastes  which  have  potential  for  biochar  production 
can  be  categorised  into  municipal  solid  waste  (MSW),  industrial 
wastewater,  sewage  sludge,  livestock  and  poultry  wastes. 

2.3. 1 .  Municipal  solid  waste 

Municipal  solid  waste  (MSW)  is  generated  by  households,  com¬ 
mercial  and  industrial  sectors  as  a  result  of  the  concentration 
of  population  and  activities  in  urban  areas.  It  is  estimated  that 
between  150  kg  and  200  kg  per  capita  of  MSW  are  generated  in 
Ghana  annually  with  the  10  regional  capitals,  together,  gener¬ 
ating  over  2  millions  tonnes  per  year.  In  Accra,  approximately, 
760,000  tonnes  of  MSW  is  generated  annually,  or  approximately 
2000 1  day-1  is  generated  and  shows  a  daily  per  capita  rate  and  den¬ 
sity  of  0.40  kg  and  0.47  tnrr3,  respectively  [15]  and  [32].  Generally, 
the  organic  matter  content  of  MSW  is  estimated  to  be  68%.  Gener¬ 
ally,  MSW  in  Ghana  is  unsorted  and  there  is  also  high  cost  in  their 
collection.  Tertiary  wood  residues  such  as  wood  in  household  waste 
and  demolition  wood  are  considered  as  organic  waste  and  included 
in  MSW.  Clearly,  the  high  percentage  of  organic  matter  in  MSW 
indicates  a  high  potential  of  MSW  in  Ghana  as  feedstock  for  biochar 
production  (Fig.  1 ).  However,  the  possible  presence  of  heavy  metals 
in  MSW  may  pose  a  challenge  in  its  utilisation  as  biochar  feedstock 
[16].  With  the  current  level  of  socio-economic  development  in  the 
country,  waste  disposal  practices  in  the  metropolis  and  municipal¬ 
ities  are  gradually  being  transformed  from  open-air  dumping  to 
centralized  approaches  such  as  composting,  landfill  and  incinera¬ 
tion.  For  instance,  between  2003  and  2004,  four  sanitary  landfill 
projects,  located  in  Accra,  Kumasi,  Sekondi-Takoradi  and  Tamale 
were  commissioned  [15,31-36]. 

2.3.2.  Industrial  wastewater  and  sewage  sludge 

In  Ghana,  most  of  the  industries  are  sited  along  the  coast  such  as 
Tema,  Accra  and  Sekondi-Takoradi,  and  dispose  of  their  wastewa- 


Table  5 

Proportion  of  residues  generated  in  selected  forest  products  industries  [27]. 


Industry  type 

Sawmilling  (%) 

Plywood  manufacturing  (%) 

Particleboard  manufacturing  (%) 

Integrated  operations  (%) 

Finished  product 

45-55 

40-50 

85-90 

65-70 

Finished  product  (average) 

50 

47 

90 

68 

Residues/fuel 

43 

45 

5 

24 

Chips  and  particles 

34, 15 

Bark 

28-21 

Sawdust 

16-23 

Slabs  and  edgings 

15-32 

Shavings 

5-1 

Other 

3-7 

Losses 

7 

8 

5 

8 

Total 

100 

100 

100 

100 
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Table  6 

Livestock  population  in  Ghana,  2001-2008  (xlO3)  [15]. 


Year 

2001 

2002 

2003 

2004 

2005 

2006 

2007 

2008 

Cattle 

1315 

1330 

1344 

1365 

1385 

1406 

1427 

1427 

Goats 

3199 

3230 

3560 

3595 

3632 

3668 

3704 

3704 

Pigs 

312 

310 

303 

300 

305 

229 

239 

239 

Sheep 

2771 

2922 

3015 

3112 

3211 

3314 

3420 

3420 

Poultry 

22,032 

24,251 

26,395 

29,500 

30,000 

30,500 

31,000 

31,000 

■  Miscillaneous 

■  Rubber  /plastics 

■  Organics 

■  Glass 

■  Metal 

Paper  and  carboard 

■  Wood 

7%  ■  Fabric 


Fig.  1.  Composition  of  household  waste  in  Kumasi  [15,33]. 

ters  directly  into  the  sea.  Thus,  only  a  few  industries  and  abattoirs 
carry  out  some  primary  industrial  wastewater  treatment  [15]. 
While  sewage  sludge  can  be  a  feedstock  for  biochar  production, 
the  nature  of  this  resource  in  Ghana  makes  it  extremely  unlikely  to 
be  considered  as  such.  Moreover,  reliable  information  on  the  avail¬ 
ability  of  wastewater  or  sewage  sludge  in  the  country  is  difficult  to 
access. 

2.3.3.  Livestock  and  poultry  wastes 

Cattle,  pig,  sheep  and  poultry  are  the  most  domesticated  live¬ 
stock  in  Ghana.  Poultry  and  livestock  population  from  2001  to 
2008  is  shown  in  Table  6  [15].  Poultry  litter,  a  mixture  of  bedding, 
manure,  feathers  and  spilled  feed,  has  an  ash  content  ranging  from 
15  to  20%  [16].  Generally,  the  quantity  of  livestock  manure  pro¬ 
duced  depends  on  the  amount  and  quality  of  the  fodder  or  feed, 
together  with  the  live  weight  of  the  animal.  It  is  estimated  that 
total  cattle  wet  and  dry  manure  produced  in  the  country  in  2008 
were  22.8  million  and  2.9  million  tonnes,  respectively  [15].  If  care¬ 


Fig.  3.  Biochar  structure  [38]. 


fully  managed  and  exploited,  livestock  and  poultry  wastes  could  be 
an  important  biomass  resource  for  heating,  power  generation  and 
biochar  and  biogas  production. 

3.  Biochar  production  technologies 

Thermochemical  processes  for  biomass  conversion  into  biofu¬ 
els  and  other  bio-based  products  include  pyrolysis,  carbonisation 
and  gasification  [37]  and  [38].  A  summary  of  biomass  conversion 
processes  is  presented  in  Fig.  2  [39].  Biochar  is  a  solid  product  of 
thermochemical  conversion  of  biomass  carried  out  at  temperatures 
above  300  °C  in  the  absence  of  oxygen,  known  as  pyrolysis.  Biochar 
is  not  a  pure  carbon,  but  rather,  it  consists  of  carbon  (C),  hydro¬ 
gen  (H),  oxygen  (O),  nitrogen  (N),  sulphur  (S)  and  ash  (Fig.  3).  Its 
structure  reflects  the  morphology  of  the  feedstock  [38]. 


FEEDSTOCKS 


PROCESS 


PFiODUCT 


USES  and  APPLICATIONS 


Biomass  energy 
crops  (com, 
cereals,  wood 
pellets,  palm  oil, 
oilseed  rape) 


Bioenergy  residues! 
"cake" 


Agricultural  waste 
(wheat  straw, 
hazelnut  and 
peanut  shells, 
waste  wood,  etc) 


Compost  (green 
waste)  _ 


Manure/  animal 
waste  (chicken) 


Kitchen  waste 
plastic,  food,  etc 


ft 


Fast  pyrolysis 
(anhydrous) 


Sewage  sludge 


Slow  pyrolysis 
(low  temp.  450- 
550°C,  (i-free, 
sometimes  steam) 

Slow  pyrolysis 
(high  temp.600- 
900° C,  Os-free) 


Gasification  (high 
temp.,  fast  heating 
rate,  02  present) 


Fermentation, 
anaerobic  digestiorl 
and  mechanical 
bio-treatment 


Carbonisation 
(  brown'  at  300°C, 
black*  at  380°C) 


Synthesis  gas 
Bio-oil  liquid 
Biochar  solid 


Syngas 

Biochar 

Activated 

Biochar 


Combustible 

ethane, 

methane 

Biochar 


-  Heat 

-  Fuel  (combusted  to  generate  electricity 
or  converted  to  syngas) 

-  High  value  biochemicals  used  as  food 
additives  or  pharmaceuticals 

-  Soil  conditioners  /  fertilisers 


-  Soil  amendment  (neutral  /  alkaline  pH. 
porosity  retains  water,  cation  exchange 
capacity:  robust  benefits  to  plant  growth 
compared  to  high-temp  char) 

-  Fuel  (cooking  and  heat) 


-  Extreme  porosity  and  surface  area 
-Water filtration  and  adsorption  of 
contaminants  (gas,  liquid  or  solid) 


-  Fuel  (low  yield,  high  reactivity) 

-  Contamination  of  some  feedstocks 
(e.g.  metal  and  plastic  in  kitchen  waste) 
may  preclude  use  of  sludge  /  char  in  soil 


-  Fuel  (for  electricity  or  cooking) 

-  By-products  (wood  spirits,  wood  tar) 

-  Substitute  for  coal-derived  coke  in 
metal  smelting 


Fig.  2.  Summary  of  biomass  conversion  processes  in  relation  to  their  common  feedstocks,  typical  products,  and  the  applications  and  uses  of  these  products  [39]. 
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Fig.  4.  Thermogravimetric  analysis  of  the  pyrolysis  of  plant  components  [39]. 


Pyrolysis  is  always  the  first  step  in  combustion  and  gasification. 
During  pyrolysis,  the  polymeric  building  blocks  of  biomass,  namely 
cellulose,  hemicellulose  and  lignin  undergo  various  processes  such 
as  cross-linking,  depolymerisation  and  fragmentation  at  various 
temperatures  (Fig.  4).  The  primary  products  of  biomass  pyrolysis 
are  usually  referred  to  as  condensable  (tars)  and  non-condensable 
volatiles,  and  char.  The  condensable  volatiles  are  often  classified 
as  liquids  (bio-oil),  while  the  non-condensable  volatiles  are  gases 
mainly  carbon  monoxide  (CO),  carbon  dioxide  (C02),  hydrogen 
(H2)and  Ct-C2  hydrocarbons  [15,38].  The  pyrolysis  product  yields 
depend  on  the  type,  nature  and  composition  of  the  feedstock,  par¬ 
ticularly  the  lignin  and  ash  contents,  and  process  conditions  such  as 
temperature,  pressure,  vapour  residence  time,  heating  rates,  par¬ 
ticle  size  and  heat  integration  [38-48].  Similarly,  the  composition, 
quality  and  characteristics  of  biochar  such  as  density,  particle  size 
distribution,  ash  content,  moisture  content  and  pH  depend  on  the 
type,  nature  and  origin  of  the  feedstock,  together  with  pyroly¬ 
sis  reaction  conditions  [44].  Wood-based  biochar,  for  instance,  is 
reported  to  be  coarse  and  highly  resistant  with  carbon  content 
up  to  80%.  Demirbas  [49]  as  cited  in  Verheijen  et  al.  [1]  reports 
that  biomass  with  high  lignin  content  (e.g.  olive  husks)  produces 
high  biochar  yields  as  a  result  of  the  stability  of  lignin  to  thermal 
degradation.  In  contrast,  biochar  produced  from  crop  residues  (e.g. 
maize,  rye)  and  manures  are  generally  finer  and  less  robust  with 
low  mechanical  strength. 

An  assessment  of  particle  size  distribution  of  biochar  pro¬ 
duced  from  sawdust  and  woodchips  under  different  slow  pyrolysis 
conditions  by  Downie  et  al.  [5]  showed  that  particle  size  gener¬ 
ally  decreased  as  the  pyrolysis  temperature  increased  within  the 
450-700  °C  range.  The  ash  content  of  the  feedstock  varies  widely 
and  influences  the  yield  of  biochar  [49,65].  Amonette  and  Joseph 
[65]  reported  that  during  pyrolysis  of  biomass,  potassium  (K),  chlo¬ 
rine  (Cl)  and  nitrogen  (N)  vaporize  at  relatively  low  temperatures, 
while  calcium  (Ca),  magnesium  (Mg),  phosphorus  (P)  and  sulphur 


(S)  due  to  increased  stability,  vaporise  at  considerably  high  tem¬ 
peratures.  Slow  biomass  pyrolysis  is  reported  to  result  in  high 
quantities  of  K,  Cl,  Si,  Mg,  P  and  S  in  biochar  and  biochar  yield. 
Generally,  woody  feedstock  produces  biochar  which  contains  low 
proportions  (<1%  by  weight)  of  ash,  whereas  biomass  with  high 
mineral  content  such  as  grass,  grain  husks  and  straw  residues  pro¬ 
duce  biochar  with  high  ash  contents  [49].  These  feedstocks  may 
contain  ash  content  up  to  24%,  or  even  41%  by  weight,  such  as 
rice  husk  and  rice  hulls,  respectively.  Animal  manure  (such  as 
chicken  litter)  biochar  is  reported  to  contain  about  45%  by  weight 
as  ash.  Antal  and  Gronli  [45]  reported  that  higher  moisture  content 
increases  both  the  cost  of  production  and  transportation  of  biochar. 
The  pH  of  the  biochar  is  also  strongly  dependent  on  pyrolysis  con¬ 
ditions  and,  therefore,  varies  slightly  between  the  various  products, 
but  is  typically  >7  [14,39]. 

Based  on  pyrolysis  conditions,  pyrolysis  can  be  classified  into 
three  basic  groups,  namely  slow,  intermediate  and  fast  pyrolysis 
(Table  7)  [38-41].  Energy  required  to  drive  the  process  can  be 
supplied  either:  (i)  directly  as  the  heat  of  reaction,  (ii)  directly 
by  flue  gases  from  combustion  of  by-products  and/or  feedstock, 
(iii)  indirectly  by  flue  gases  through  the  reactor  wall,  or  (iv)  indi¬ 
rectly  by  heat  carrier  other  than  flue  gases  (e.g.,  sand,  metal 
spheres,  etc.). 

In  the  slow  pyrolysis,  the  process  conditions  are  long  vapour  res¬ 
idence  times  more  than  around  10  s,  reactor  temperatures  between 
450  and  650  °C,  reactor  operating  at  atmospheric  pressure  and  very 
low  heating  rates  which  range  from  0.01  to  2.0  °Cs-1  [39].  These 
conditions  result  in  increased  cracking  reactions  that  reduce  the 
liquid  organic  yield  and  consequently  increase  the  biochar  yield. 
The  slow  speed  of  the  process,  in  particular,  promotes  extensive 
secondary  reactions  within  the  biomass  particles  and  also  in  the 
gas  and  vapour  phases,  leading  to  condensation  [39].  Higher  con¬ 
centration  of  pyrolysis  vapour  and  extended  vapour/solid  contact, 
on  the  other  hand,  promote  the  formation  of  coke  by  secondary 
reactions.  A  schematic  of  biomass  slow  pyrolysis  facility  for  the 
production  of  biochar  is  represented  in  Fig.  5. 

As  can  be  seen  from  Table  7,  slow  pyrolysis  and  intermediate 
pyrolysis  both  result  in  higher  biochar  yields,  while  fast  pyroly¬ 
sis  gives  higher  liquid  yields.  Thus,  to  optimize  the  production  of 
biochar,  slow  pyrolysis  and  intermediate  pyrolysis  seem  to  be  the 
most  appropriate  technology  choice.  Pyrolysis  conditions  which 
favour  high  biochar  yields  are:  (i)  high  lignin,  ash  and  nitrogen  con¬ 
tents  in  the  biomass,  (ii)  low  pyrolysis  temperature  (<400  °C),  (iii) 
high  process  pressure,  (iv)  long  vapour  residence  time,  (v)  extended 
vapour/solid  contact,  (vi)  low  heating  rate,  (vii)  large  biomass 
particle  size,  and  (viii)  optimised  heat  integration  [38,43,47-51]. 
Production  of  biochar/charcoal  can  be  categorised  into  batch,  con¬ 
tinuous  and  novel  processes  (Table  8). 


Table  7 

Typical  product  yields  (dry  wood  basis)  obtained  by  different  modes  of  pyrolysis  of  wood  [1,14]. 


Mode 

Condition 

Liquid  (bio-oil) 

Solid  (biochar) 

Gas  (Syngas) 

Fast  pyrolysis 

Moderate  temperature 
(~500°C) 

Short  vapour  residence 
time  (<2  s) 

75%  (25%  water) 

12% 

13% 

Intermediate  pyrolysis 

Low-moderate 

temperature 

Moderate  hot  vapour 
residence  time 

50%  (50%  water) 

25% 

25% 

Slow  pyrolysis 

Low-moderate 

temperature 

Long  residence  time 

30%  (70%  water) 

35% 

35% 

Gasification 

High  temperature  (>800  °C) 

Long  vapour  residence 
time 

5%  tar  (55  water) 

10% 

85% 
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Fig.  5.  Illustrative  slow  pyrolysis  process  [39]  and  [50]. 


Table  8 

Biochar  production  [38,43]. 


Process  type 

Reactor  type 

Biochar  yield 

Batch  process 

Earth  pits  and  mounds 

>10% 

Brick,  concrete  and  metal  kilns 

20-25% 

Retorts 

30% 

Continuous  processes 

Retort  (Lambiotte) 

30-35% 

Multiple  hearth  reactors 

25-30% 

Screw  type  reactor  (Pro-Natura) 

25-30% 

Novel  processes 

Flash  carbonisation 

40-50% 

Fig.  6.  Pit  kiln  [40,53]. 


3.1.  Batch  processes  for  biochar  production 

Traditional  charcoal  making  is  carried  out  using  batch  pro¬ 
cesses  which  include  pits,  earth  mound,  brick  and  metal  kilns 
(Figs.  6  and  7).  These  processes  are  based  on  a  simple  technology 
and  are  also  cheap  to  construct  [38,40].  However,  they  are  inef- 

CENTRAL  FLUE 


ficient  in  operation  leading  to  low  yields  coupled  with  no  heat 
recovery  and  significant  feedstock  burn  off  (Table  8).  In  Ghana, 
charcoal  is  traditionally  produced  using  the  earth  mound  method. 
In  this  process,  the  earth  acts  as  a  shield  against  oxygen  by  insulat¬ 
ing  the  carbonizing  wood  against  excessive  loss  of  heat.  Thermal 
decomposition  of  the  wood  commences  when  it  is  raised  to  a 
temperature  of  about  300  °C.  The  pyrolysis  process,  once  started, 
continues  by  itself  and  gives  off  considerable  heat  with  a  maximum 
temperature  of  approximately  500  °C  for  high  efficiency  and  prod¬ 
uct  quality  [52].  Charcoal  yields  on  dry  weight  basis  for  different 
kinds  of  batch  process  kilns  are  shown  in  Table  8.  The  yield  {p fC)  is 
calcluated  according  to:  rjfC  =  itncharlmbio)  x  100,  where  mcbar  =  dry 
mass  of  charcoal  from  the  kiln  and  mbio  =  dry  mass  of  biomass 
loaded  into  the  kiln  [40,53]. 

3.2.  Continuous  processes  for  biochar  production 

Technologies  currently  available  for  biochar  production  include 
drum  type  pyrolysers,  screw  type  pyrolysers  and  rotary  kilns.  These 
technologies  are  based  on  continuous  processes  and  result  in  higher 
biochar  yields  compared  to  batch  processes  [5,14,38,40,49-51]. 
Each  of  these  reactors  has  distinct  advantages  and  disadvantages 
associated  with  their  use  (Table  9). 

•  Drum  pyrolysers 

In  drum  pyrolysers,  the  biomass  is  moved  through  an  exter¬ 
nally  heated,  horizontal  cylindrical  shell  by  the  action  of  paddles 
before  it  enters  the  drum.  This  assures  good  biochar  and  gas  qual¬ 
ity  [40].  No  air  or  oxygen  is  intentionally  admitted,  although  some 
enters  in  the  void  between  feedstocks  particles.  The  gas  particles 
are  burned  in  a  firebox  below  the  drum  to  heat  the  biomass  to  pyrol¬ 
ysis  temperature.  The  process  is  characterised  as  slow  pyrolysis 
because  it  takes  several  minutes  for  the  biomass  to  travel  through 
the  drum,  although  the  time  is  short  compared  to  traditional  batch 
combustion  [40].  The  paddle  drum  pyrolyzer,  developed  by  BEST 
Energies,  Australia  (Fig.  8)  is  an  example  of  continuous  pyrolysis 
systems  based  on  drum  reactors  which  have  been  widely  employed 
for  biochar  production  [40]. 

•  Screw  type  pyrolysers 

In  screw  type  pyrolysers,  the  biomass  is  moved  through  a  tubu¬ 
lar  reactor  by  the  action  of  a  rotating  screw.  Screw  type  pyrolysers 
may  be  either  externally  heated  or  use  a  heat  carrier  such  as  sand  to 
heat  the  biomass  as  it  is  transported  through  the  tube.  These  pyrol¬ 
ysers  are  an  attractive  option  due  to  their  potential  to  be  operated 


Fig.  7.  Mound  kiln  [40,53]. 
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Table  9 

Comparison  of  various  types  of  reactors  for  biochar  production  [38]. 


Process  type 

Reactor  type 

Examples  of  equipment 
manufacturers 

Advantages 

Disadvantages 

Batch  processes 

Continuous  processes 

Earth  pits  and  mounds 

Brick,  concrete  and  double 
metal  kilns 

Retorts 

Retort 

Multiple  hearth  reactors 

Lambiotte  retort 

Simple  technology,  cheap  and 
portable. 

Inefficient  leading  to  low  yield;  no 
heat  recovery  thus  significant 
feedstock  burn  off;  release  of 
pyrolysis  gas  and  vapours  to 
atmosphere  resulting  in 
environmental  pollution. 

Screw  type  pyrolysers 

Pyro-7  by  Pro-Natura; 

Biofuel  Energy  Systems  Ltd. 

Higher  yields;  feedstock  flexibility; 
heat  integration;  possible 
co-generation  of  char  and  energy; 
easy  to  operate,  relatively  proven 
technology;  combined  char  and 
energy  generation;  available  as 
either  portable  or  stationary  unit 
(depending  on  size). 

More  complex  systems;  more 
expensive  than  batch  processes. 

No  usable  by-products. 

Paddle  drum  type  reactors 

BEST  Energies,  Australia 

Relatively  proven  technology; 
feedstock  flexibility;  combined 
char  and  energy  generation; 
available  as  either  portable  or 
stationary  unit  (depending  on 
size);  higher  yields,  heat 
integration  and  possible 
co-generation  of  char  and  energy. 

More  complex  systems;  more 
expensive  than  batch  processes. 

Fig.  8.  The  BEST  Energies  slow  pyrolysis  reactor  [50]. 


at  relatively  small  scales  using  of  a  variety  of  feedstock,  coupled 
with  high  yields  of  biochar.  It  is  also  the  possible  to  integrate  heat 
and  energy  generation  with  the  production  of  biochar  in  these  sys¬ 
tems.  Pyro-6  and  Pyro-7  manufactured  by  Pro-Natura  International 
are  examples  of  pyrolysers  based  on  the  screw  type  (Fig.  9).  These 
pyrolyzers  have  been  used  recently  to  convert  biomass  into  bio¬ 
oil  and  biochar  [40,50,51  ].  According  to  the  manufacturers,  several 


Fig.  9.  Continuous  flow  screw  type  pyrolyser  manufactured  by  Pro-Natura  [38,51  ]. 


units  of  Pyro-6  have  been  installed  in  various  parts  of  Africa  for 
biochar  production  using  different  types  of  lignocellulosic  biomass 
such  as  agricultural  crop  residues  and  forestry  residues  as  feed¬ 
stock. 

•  Rotary  kilns 

Rotary  kiln  systems  may  be  classified  as  indirect,  direct  and 
drum  kilns  depending  on  the  heat  source  which  may  be  direct 
or  indirect  using  electricity  with  capacities  which  may  be  up  to 
1000  kg  hr1.  These  kiln  systems  are  available  in  different  sizes 
such  as  medium-size  and  large  with  kiln  lengths  ranging  from 
4  to  12  m  and  internal  diameter  ranging  from  0.3  to  1  m.  Tem¬ 
perature  range  within  these  rotary  kilns  may  be  150-1 500  °C. 
Examples  of  rotary  kiln  pyrolysis  reactors  for  biochar  production 
are  those  produced  by  Lambiotte  (e.g.  Lambiotte  retort;  Fig.  10) 
and  3R  Agrocarbon  (Fig.  11).  The  largest  commercial  slow  pyrolysis 
plant  (MTK,  Japan)  processes  100  t  of  biomass  per  day  in  a  rotary 
kiln  [1,23]. 


Fig.  10.  Lambiotte  retort  [38]. 
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Fig.  11.  Rotary  pyrolysis  reactor  manufactured  by  3R  Agrocarbon. 


4.  Potential  benefits  of  biochar  application  in  soils 

The  application  of  biochar  in  soils  is  based  on  its  properties  such 
as:  (i)  agricultural  value  from  enhanced  soils  nutrient  retention  and 
water  holding  capacity,  (ii)  permanent  carbon  sequestration,  and 
(iii)  reduced  GHG  emissions,  particularly  nitrous  oxide  (N20)  and 
methane  (CH4)  release  [2,40,53-58].  Farmers  will  be  motivated 
to  apply  biochar  on  their  farms  if  these  benefits  can  be  demon¬ 
strated  explicitly.  There  are  various  methods  for  the  application 
of  biochar.  These  include  mixing  with  fertiliser  and  seed,  applying 
through  no  till  systems,  uniform  soil  mixing,  deep  banding  with 
plow,  top-dressed,  hoeing  into  the  ground,  applying  compost  and 
char  on  raised  beds,  and  spreading  around  farms  to  capture  run 
off.  However,  the  type  of  application  of  biochar  in  soil  depends 
on  the  farming  system,  available  machinery  and  labour.  The  effec¬ 
tiveness  of  biochar  application,  however,  depends  on  the  method 
of  application  [14,53,58,59].  In  deep  banding  applications,  biochar 
is  applied  beneath  the  soil  surface  to  a  depth  which  ranges  from 
0.1  to  0.2  m.  According  to  De  Gryze  et  al.  [14],  apart  from  elimi¬ 
nating  dust,  this  method  of  biochar  application  in  soil  also  creates 
both  good  soil-biochar  and  plant-biochar  contact.  In  top-dressed 
biochar  applications,  biochar  is  added  to  the  soil  surface. 

4.2.  Agronomic  benefits 

4.1.1.  Soil  quality  and  fertility  improvement 

The  addition  of  biochar  to  agricultural  soils  is  receiving  consid¬ 
erable  interest  due  to  the  agronomic  benefits  it  may  provide  [3]. 
Biochar  can  act  as  a  soil  conditioner  by  improving  the  physical  and 
biological  properties  of  soils  such  as  water  holding  capacity  and  soil 
nutrients  retention,  and  also  enhancing  plant  growth  [39]  as  cited 
in  De  Gryze  et  al.  [14].  Several  authors  [38,41,47,59-77],  also  report 
that  biochar  has  the  potential  to:  (i)  increase  soil  pH,  (ii)  decrease 
aluminium  toxicity,  (iii)  decrease  soil  tensile  strength,  (iv)  improve 
soil  conditions  for  earthworm  populations,  and  (v)  improve  fer¬ 
tiliser  use  efficiency.  The  combined  application  of  biochar  and 
inorganic  fertilizer  has  the  potential  to  increase  crop  productiv¬ 
ity,  thus  providing  additional  incomes,  and  reducing  the  quantity  of 
inorganic  fertilizer  use  and  importation  [3,14].  Biochar  additions  to 
hard  setting  soils  in  Australia,  for  instance,  reduced  tensile  strength 
and  further  improved  plant  growth  [65,67].  Steiner  etal.  [55]  report 
that  application  rate  of  5  tonnes  of  biochar  per  ha  decreased  fertil¬ 
izer  needs  by  7%.  According  to  Gaunt  and  Lehmann  [46],  lessons 
learned  from  terra  preta  suggest  that  biochar  can  have  carbon  stor¬ 
age  permanence  in  the  soil  for  many  hundreds  to  thousands  of 
years.  Biochar  as  a  method  of  carbon  management  is  widely  scal¬ 
able  in  size  and  flexible  across  soil  type  and  usage,  making  biochar 
deployable  worldwide.  Charcoal  was  first  used  as  soil  amendment 
in  the  Amazon  Basin  of  South  America  over  2500  years  ago.  The 


terra  preta  de  Indio  (dark  soil)  are  believed  to  have  been  cre¬ 
ated  from  the  deposition  of  nutrient-rich  materials  and  charcoal 
within  the  zone  of  habitation  and  associated  garden  areas  resulting 
from  human  activities  either  anthropic  (unintentionally  formed) 
or  anthropogenic  (intentionally  formed)  [53-55].  Although,  they 
occur  in  small  patches  averaging  20  ha,  sites  as  large  as  350  ha  have 
also  been  reported,  and  have  shown  how  over  millennia  the  use  of 
biochar  has  enhanced  soil  fertility  [56].  These  soils  still  contain  high 
carbon  contents,  despite  their  age  of  500-2500  years  and  intensive 
cultivation.  There  are  also  available  in  them  significantly  higher 
levels  of  soil  organic  matter  (SOM)  and  nutrients  than  in  the  sur¬ 
rounding  Oxisols.  Crops  are  reported  to  grow  about  three  times 
faster  on  these  soils  than  on  surrounding  land  [39].  Similar  soils 
have  been  identified  in  other  parts  of  the  Amazon  region  such  as 
Ecuador  and  Peru,  and  also  in  places  in  West  Africa  such  as  Benin 
and  Liberia,  and  the  savannah  of  South  Africa  [39,7 1  ].  It  is  this  obser¬ 
vation  coupled  with  the  search  for  carbon  sequestration  techniques 
for  climate  change  mitigation  that  has  led  to  the  recent  interest 
in  biochar  to  enhance  agricultural  productivity  and  sustainability 

[56] .  The  terra  preta  are  reported  to  show  more  favourable  pH  con¬ 
ditions  (pH  5.0-6.4)  than  adjacent  soils  with  an  absence  of  biochar 
(pH  3.9-4.6)  [60].  Similar  increases  in  soil  pH  have  been  found  on 
active  or  historical  charcoal-making  areas  in  Ghana,  Mexico  and 
Pennsylvania  [72,73]. 

Biochar  can  be  used  by  farmers  to  control  the  pH  of  soil  and  also 
to  reduce  lime  applications  [74].  Rodriguez  et  al.  [75]  used  biochar 
produced  from  sugarcane  bagasse  to  increase  the  pH  of  soil  from 
4.0-4.5  to  6.0-6.5  in  a  maize  trial  in  Colombia.  The  pH  increase 
in  sandy  and  loamy  soils  has  been  reported  to  be  larger  than  in 
clayey  soils  [14].  In  a  study  on  the  effects  of  charcoal  production 
on  soil  physical  and  hydrological  properties  in  Ghana  by  Ogun- 
tunde  et  al.  [76]  reported  that  the  saturated  hydraulic  conductivity 
of  soils  under  charcoal  kilns  increased  significantly.  When  mixed 
with  organic  matter,  biochar  can  result  in  enhanced  retention  of 
soil  water  as  a  result  of  its  pore  structure  which  contributes  to 
nutrient  retention  because  of  its  ability  to  trap  nutrient-rich  water 
within  the  pores  [14,76,77].  Results  of  the  effects  of  heating  and 
charcoal  residues  on  maize  yield  in  Ghana  investigated  by  Ogun- 
tunde  and  his  co-workers  [72]  showed  a  significant  increase  in  soil 
pH,  electrical  conductivity  and  exchangeable  Ca,  Mg,  K,  Na  and  P 
in  the  soil  at  the  charcoal  site  soils  or  kiln  sites  compared  to  the 
adjacent  soils. 

In  Ghana,  farming  systems  vary  with  the  agro-ecological  zones 
and  their  respective  soils,  and  also  soil  management  strategies  [10]. 
Partial  burning  or  rotational  slash  and  char  system  practised  in 
some  agricultural  margins  of  the  country  is  reported  to  typically 
double  crop  yields,  and  further  reduce  encroachment  on  forest 
areas  [6].  Generally,  most  of  the  soils  in  the  country  are  developed 
on  extremely  weathered  parent  materials,  with  alluvial  soils  (Fluvi- 
sols)  and  eroded  soils  (Leptosols)  common  to  all  the  agro-ecological 
zones.  They  are  further  plagued  with  inherent  or  human  induced 
infertility  [  1 3  ].  An  overview  of  the  nature  and  extent  of  degradation 
of  solids  in  the  country  is  shown  in  Table  10  [10]. 

Biochar-based  soil  management  strategies  in  Ghana  are  new 
and  have  not  been  evaluated  in  the  context  of  the  country’s  agri¬ 
cultural  system.  Only  a  few  farmers  in  the  country  have  applied 
biochar  to  agricultural  soils.  Biochar  incorporation  in  soils  has 
mostly  been  carried  out  within  the  context  of  research  and  testing. 
However,  population  pressure,  coupled  with  dwindling  land  avail¬ 
ability,  declining  soil  fertility  and  issues  related  to  energy  security 
and  climate  change  adaptation  provide  a  strong  basis  for  the  appli¬ 
cation  of  biochar  in  the  country’s  farming  systems.  Thus,  biochar 
application  could  provide  a  new  technology  for  both  soil  fertility 
and  crop  productivity  improvement,  with  potential  positive  and 
quantifiable  environmental  benefits,  such  as  carbon  trading  [6]  and 

[57] , 
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Table  10 

Comparison  of  the  ecological  zones  of  Ghana  [63]. 


Ecological  zone 

Climate 

Soil  characteristics 

Cropping  systems 

Detrimental  practices 

Sudan  savannah 

Mono-modal  rainfall 

1 000  mm/year,  mean  daily 
temperature  34  °C 

Light  textured  Luvisols, 

Lithosol  and  Fluvisols,  highly 
erodible,  low  water  holding 
capacity,  organic  matter,  CEC 
and  NPK. 

Sorghum,  millet 
and  groundnut. 

Annual  bush  fires,  removal  of  crops 
residues,  post-harvest, 
uncontrolled  and  over-grazing, 
cultivating  down-slope  and 
inadequate  use  of  fertilisers. 

Guinea  savannah 

Mono-modal  rainfall  1100  mm 
peaking  in  August-September, 
mean  daytime  temp  34  °C 

Luvisols  and  Gleysol,  the  latter 
of  which  are  poorly  drained  but 
less  erodible,  similar  fertility 
characteristics  to  the  Sudan 
savannah  zone,  and  have  an 
iron  pan  in  their  profiles. 

Sorghum,  cowpeas, 
maize,  yam  and 
cassava. 

In  addition  to  the  above,  removal 
of  woody  species  for  fuel  and 
charcoals  burning  and  the 
intensive  shifting  cultivation  of 
yam  also  reduces  soil  fertility. 

Forest  savannah  transition 

Bi-modal  rainfall  (April-August 
and  September-November) 

1300  mm,  mean  daytime  temp 

33  °C 

Mostly  moderately  sandy,  deep 
Lixsols  and  Cambisols,  poor  to 
good  drainage,  prone  to 
erosion;  have  low  water 
holding  capacity,  organic 
matter,  CEC  and  NPK. 

Maize,  cowpea, 
groundnut,  cassava 
and  yam. 

Bush  fires,  continuous  maize 
cropping  without  fertiliser  inputs, 
low  organic  manure  input,  and 
poor  grazing  practices  and  removal 
of  crop  residues. 

Semi  deciduous  rainforest 

Bimodal  1500  mm  mean 
daytime  temp  31  °C 

Moderately  well  drained 

Acrisols,  Nitisols  and  Gleysols, 
low  organic  matter  content 
when  cropped,  NPK  deficiency, 
subsoil  acidity  low  CEC  and 
erodability,  reasonable  water 
holding  capacity. 

Maize,  cassava, 
plantain  and 
cocoyam. 

Short  fallow  periods,  slash  and 
burn,  removal  of  weeds  from  the 
field;  cultivation  of  slopes  without 
soil  conservation  measures, 
removal  of  woody  species  for 
timber  and  fuel  and  inadequate 
fertiliser  use. 

High  rainforest 

Bi-modal  2200  mm  mean 
daytime  temp  29  °C 

Highly  weathered  Ferrasols 
and  Acrisol;  light  textured, 
acidic  and  heavily  leached, 
high  Al  ion  concentrations 
leading  to  low  fertility  and  P 
availability;  low  CEC  and 
organic  matter. 

Maize,  cassava, 
plantain  and 
cocoyam. 

Same  reasons  as  given  above. 

Coastal  savannah 

Bi-modally  distributed,  though 
later  rainy  season  is  not 
sufficiently  reliable  for 
cropping 

Heavy  poorly  drained.  Vertisols 
and  Regisols  to  deep 
well-drained  Greysol;  may  be 
difficult  to  cultivate  with  hand 
tools  but  higher  in  organic  C 
and  N;  all  have  low  P,  CEC  and 
plant  soil  water  availability. 

Maize  vegetables 
and  irrigated  rice. 

Bush  burning,  poor  grazing 
practice,  deforestation  for  charcoal 
and  removal  of  stones  on  steep 
ground. 

4. I .2.  Crop  productivity 

Several  workers  have  reported  that  biochar  applications  to  soils 
have  shown  positive  responses  for  net  primary  crop  production, 
grain  yield  and  dry  matter  [64,66,68,77].  The  impact  of  biochar 
application  is  seen  most  in  highly  degraded  acidic  or  nutrient- 
depleted  soils.  Low  charcoal  additions  (0.5 1  ha-1)  have  shown 
marked  impact  on  various  plant  species,  whereas  higher  rates 
seemed  to  inhibit  plant  growth  [78,79].  Crop  yields,  particularly 
on  tropical  soils  can  be  increased  if  biochar  is  applied  in  combina¬ 
tion  with  inorganic  or  organic  fertilizers  [56,79,80].  Oguntunde  and 
his  co-workers  [72]  investigating  the  effect  of  heating  and  charcoal 
residue  on  maize  yield  in  Ghana  reported  that  grain  and  biomass 
yield  of  maize  increased  by  91%  and  44%,  respectively  on  charcoal 
site  soils  compared  to  adjacent  field  soils.  Table  1 1  shows  crop  yield 
responses  as  related  to  relevant  biochar  properties. 

42.  Environmental  benefits  of  biochar  application  in  soils 

42. 1 .  Carbon  sequestration  using  biochar 

Carbon  sequestration  is  the  capture  and  subsequent  storage 
of  carbon  to  prevent  it  from  being  released  to  the  atmosphere. 
Large  amounts  of  carbon  in  biochar  may  be  sequestered  in  the 
soil  for  long  periods  estimated  to  be  hundreds  to  thousands  of 
years  [2,57,79,80].  Marris  [81]  suggests  that  a  250-ha  farm  could 
sequester  approximately  1900  tonnes  of  C02  per  year  as  cited  by 
Bracmort  [57].  While  biochar  eventually  mineralises  in  soils,  a  frac¬ 
tion  of  it  remains  in  a  very  stable  form  with  a  14C  age  greater 
than  that  of  the  oldest  soil  organic  matter  (SOM)  fractions  [59]. 
This  property  of  biochar  provides  it  the  potential  to  be  a  major 


carbon  sink.  Compared  with  other  terrestrial  sequestration  strate¬ 
gies,  such  as  afforestation  or  re-forestation,  carbon  sequestration 
in  biochar  increases  its  storage  time  [39,79].  Furthermore,  it  is  rel¬ 
atively  simple  to  verify  the  benefits  that  can  be  derived  from  the 
application  of  biochar  as  soil  amendment.  It  is  also  easy  to  moni¬ 
tor  carbon  sequestration  as  a  climate  change  mitigation  measure 
for  national  carbon  accounting  [2,6,7,56,82].  This  can  be  done  by 
using  the  income  generated  and  the  quantity  of  carbon  that  has 
been  sequestered  [82]. 

4.2.2.  Greenhouse  gas  emission  reduction 

Apart  from  carbon  sequestration,  there  are  other  environmental 
benefits  that  can  be  derived  from  the  application  of  biochar  in  soils 
which  include  reduction  in  the  emission  of  non-C02  GHGs  by  soils. 
According  to  Bracmort  [57],  cropland  soils  and  grazing  lands  are  a 
major  agricultural  source  of  N20  emission.  When  applied  to  the  soil, 
biochar  can  lower  GHG  emissions  of  cropland  soils  by  substantially 
reducing  the  release  of  N20  [4].  Reduction  of  N20  and  CH4  emis¬ 
sion  as  a  result  of  biochar  application  is  seen  to  attract  considerable 
attention  due  to  the  much  higher  global  warming  potentials  of 
these  gases  compared  to  C02  [54].  Rondon  et  al.  [70]  reported  a  50% 
reduction  in  N20  emissions  from  soybean  plots  and  almost  com¬ 
plete  suppression  of  CH4  emissions  from  biochar  amended  acidic 
soils  in  the  Eastern  Colombian  Plains.  Yanai  et  al.  [69],  however, 
reported  an  85%  reduction  in  N20  emission  from  re-wetted  soils 
containing  10%  biochar,  compared  to  soils  without  biochar  as  cited 
in  Steiner  [54].  Spokas  et  al.  [68]  also  found  a  significant  reduction 
in  N20  emission  in  agricultural  soils  in  Minnesota,  while  Sohi  et  al. 
[39]  found  an  emission  suppression  of  only  15%. 
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Crop  yield  responses  as  related  to  relevant  biochar  properties  [66,81  ]. 
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Feedstock  for  biochar  and  rate  of  application 

Crops/plants 

Responses 

Reasons 

Unknown  wood  (0.5 1  ha"1 ) 

Soybean 

Biomass  increased  by  51% 

Water  holding  capacity 

Bamboo  (unknown  rate) 

Tea  tree 

Height  and  volume  increase  of  20%  and 
40%,  respectively 

Retained  fertiliser,  maintained  pH 

Bark  of  Acacia  mangium 

Maize,  cowpeas  peanuts  2  sites 

Biomass  increase  of  200% 

Increase  in  P  and  N  availability  and 
reduction  of  exchangeable  Al3+ 

Secondary  forest  wood  (lit  ha-1 ) 

Rice  and  sorghum 

Little  response  with  biochar  alone. 

Yield  increase  of  880%  using  a 
combination  of  biochar  and  fertiliser 

Not  stated 

Rice  husk  (lOt ha-1 ) 

Green  waste  (10-100 1  ha-1) 

Maize,  soybean 

Yield  increase  of  10-40% 

No  positive  effect  with  biochar  with 
application  rates  up  to  1 00 1  ha"1 . 
Biomass  increase  of  266%  with  added 
fertiliser 

Not  clearly  understood 

Indirect  effect  of  improving  hard 
setting  soil 

Paper  mill  sludge  ( 1 0 1  ha-1 ) 

Wheat 

Increase  in  wheat  heath  of  30-40%  in 
acid  soil 

Mainly  liming  value 

Various  workers  have  reported  reduction  of  ammonium  losses 
on  application  of  biochar  to  soils.  In  a  pot  trial  with  rice  plants, 
Lehmann  et  al.  [61  ]  found  that  the  addition  of  fresh  biochar  reduced 
ammonium  losses  by  10%.  Biochar  increased  N  retention  when 
combined  with  ammonium  sulphate  (NH4SO4)  fertilizer  on  highly 
weathered  soils  with  extremely  low  cation  exchange  capacity  (CEC) 
[55],  and  increased  plant  uptake  of  fertilizer  N  on  biochar  plots  [14]. 
Thus,  biochar  decreases  the  possibility  of  nutrient  leaching  in  soils 
and  enhances  nutrient  cycling,  resulting  in  positive  impacts  on  crop 
yields  [14]. Liang  etal.  [60]and  Cunha  etal.  [71]  found  higher  CEC  in 
terra  preta  soils  compared  to  adjoining  soils  in  Brazil.  Biochar  addi¬ 
tions  in  a  laboratory  trial  also  increased  sorption  of  two  common 
herbicides  [14]. 

5.  Conclusion 

Biochar  production  and  application  in  soils  has  a  very  promising 
potential  for  the  development  of  sustainable  agricultural  systems 
in  Ghana,  and  also  for  global  climate  change  mitigation.  The  review 
shows  that  there  is  significant  availability  of  biomass  resources  in 
the  country  as  potential  feedstock  for  biochar  production.  How¬ 
ever,  to  promote  the  application  of  biochar  as  a  soil  amendment, 
and  also  as  a  climate  change  abatement  option,  research,  devel¬ 
opment  and  demonstration  on  biochar  production  and  application 
outlined  below  seem  to  be  very  vital.  First,  a  baseline  study  com¬ 
prising  compilation  and  analysis  of  data  on  biomass  resources, 
including  types  and  ease  of  collection  in  Ghana  needs  be  conducted. 
Second,  a  review  of  current  biomass  utilisation  and  thermochem¬ 
ical  conversion  technologies,  particularly  slow  pyrolysis  also  has 
to  be  carried  out.  It  is  also  relevant  to  create  awareness  among 
the  various  biochar  stakeholders  such  as  farmers,  agricultural 
extension  officers,  research  scientists  and  fertilizer  wholesalers, 
and  to  build  their  capacities  in  biochar  production  and  applica¬ 
tion  technologies,  project  monitoring  and  evaluation,  design  and 
testing  through  the  development  and  implementation  of  training 
programmes. 

Since  there  are  both  agronomic  and  environmental  benefits  that 
could  be  derived  from  the  production  and  application  of  biochar  in 
soil,  implementation  of  agricultural  schemes  involving  the  appli¬ 
cation  of  biochar  should  first  be  critically  evaluated  in  the  form  of 
a  pilot  or  demonstration  project.  This  could  then  be  transformed 
into  large-scale  schemes  throughout  the  country.  Participatory 
approach  could  be  adopted  in  conducting  on-farm  trials  using 
the  biochar  that  would  be  produced.  Finally,  a  business  plan  for 
national  scale-up  biochar  production  and  application  project  could 
be  prepared  based  on  available  carbon  finance  opportunities  in  the 
country. 
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